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Abstract

‘The Kinetics and mechanism of the C1O -1 ClO 1caction and the ther mal decomposition of
(’100( 17 weice studied using the flash photolysis/long, path ulttaviolet absorption technique.,
Pressure and  temperatwe depender aces were detenmined for the  late  cocefficients for the
bimolecular and termolecular rcaction chanmels, and for the ther mal decomposition of C1OOCI.
- order to determine channel specific rate coefficients and to minimize complications associated
with sccondar y chiemi stry, the reaction was studied over wide 1ar apes of  initial 1cactant
stoichiometry and ternperatin ¢, ‘The rate cocflicient for the termolecular association channel in
the low pressuie limit M

Cl0+1ClO - » C100C] (1)

with No as a third body was nacaswed ovcd the temperature range 195 - 390 Kand e sulted in
kLN,}('J') (1224 0.15)x 10 43 exp{(833 4 34)/17} em® molecule™! s (1?7 o ciro1 b ounds). The
300 K mlc cocfhicient for rcaction 1 was measured for a number of bath gases. The results ae
Ky m0 107 % em® molecule” ¢ 1y=0.99 40,05, 1.2440.09,1.7140.00,2.60 1 0 . 177, 3.15
0.14and 6.7 3.6 forlle, O,, Al, Cly, S, and Cly, respectively. The effective collision
cificiency for M: Cly is very larpe and is likely dueto a chaperone mechanism. Below 250K
the reaction was in the fallofl regime between second- and third-order kineties, From the falloft
data, the mt( constant i the ngh pressure hint, LL,“ 00 \was estimated o be 612y x10" cm®

molecules’s ! The Arrhenius expressions for the thr e bimolecul ar channels,

ClO 1 (:lo- ) Cly 10, ()
) ClOO - Cl (3)
y OCIO -1 ) (4)

over the 1(mpcmtun( range 260390 Kare 1\7(1) (2.01 2 ().12)X 107! (xp{ (1590 I]()())/’l‘}
e molecule 1! , ka(1) = (2 098 4 0.68) x 107! ()\}){ (/45() i H())/I } em” molecule! s and
k(1) = (3.50 4 ().31)X 107! U]){ (1 3°7() A150)/1 }(m molccule These expressions lead
to a value of (1.64+ ().35) x10- M cm3molecule 1871 for the over all bimolecular rate constant
(ko1kytkg) at 298 K. The rate coefficient expression {o1 CIOOCH thermal (lee.(GH[])c,siti([] was
determined to be k(1) = (9.81:1 1 .32) x 1077 exp{-(7980 4 320)/1} e’ mlccul(-_l s over the
range 260 - 310 K. Froma T hitd 1 aw analysis using cquilibt ium constants derived fion
micasured values of kjandk_j, the enthalpy of formation (AN(298)) of’ ClOOC] was determined
tobe 30.5 0.7 kealmol“1. The equilibiinm constant expression from this analysis is K(1) -

(1.244 0.18)x 1077 exp{(8820 + 440)/1} e moleenle . From the obser ved activation ener gy
for rcaction 4 and the literat ure activation enicrgy forrcaction -4, the OCIO enthalpy of formation
was cideulated to be 22.6 10.3 keal 1110]7].



Introduction

In the last few years, there has been considerable interest in reactions that pr oceed over
complex potential cnergy surfaces. Becauselong-lived collision complexes may form inthese
rcactions, t h e experimental rate coefficients may  show significant pressu re deyrer idences,
negative temperature dependences (which vary with pressuie) and product distributions which
depend 011 the pressure and temperature.

The self-reactions of halogen monoxide radicals are interesting, examples of 1eactions

which proceed via collision complexes. Of the tenreactions of the type
X0+ xo- )y products

XO1 YO - » products
where X,Y = I, Cl, Br, 1, there are exper imental data on five (FO + 1O, C1O - C10O, CIO + BrQ),
BrO-4 B 1O and 10+ 10). Ofthese, the ClO -+ ClO reaction,

ClO 1 ClO- > ClooC] (1)
C104 ClO - ) Cl, (), 301 0, ?
> (14 CI00 (3)
) C1-10C10 )

is perthaps the most complex bemuse of the multiplicity of channelsleading to stable products.
‘1 he association (termolecular) channels form ClOOC] and C1OCIO via surfaces with essentially
no potent ial barrier.  *1 he corresponding bimolecular product channel s proceed through loosc
transition slates to give CI1 +ClOO and Cl-1 OCIO across surfaces with a significant potential
barricr. Finally, the molecular elimination channel produces Cl, (*y, 3 1) -1 O, through a tight
transition state originating in the ClIOOCI intermediate.  Because of the complexity of this
system, the experimental descriptionof the pressure and temperature dependences of the product
branching ratios is far from complete.

The C1O 4 ClO reaction aso plays an important role in atmospheric chemistry. Clatoms,
whichaicproducedfrom the photochemical degradation of c¢hl orofluor ocarbons, 1cact with O to

produce ClO radicals from the rcaction,

c] 103 ----- = » C10 10,
Under nor mal stratospher ic conditions, the self-l1cactiml of ClO radicals cannot compete with
rcactions such as

(O +ClO- » Cl+4 0,

and



BrO+C10 - > B+ CIOO
as animportant rate-limiting step inthe catalytic destruction of 3. In the highly perturbed
conditions present in the polar stratosphere, however, whete catalytic processes on the surfaces
of polar stratospheric cloud particles can resultin the re-par titioning of inorganic chlorine into

predominantly active forms, the following cycle may play animportant role in Oy destruction:
M
ClO+C10 - » ClO0CI
ClOOCHt hv ---- > Cl -1 ClO0
M
C10() - ) C140,

?((‘l - ()3 - y ClOH ()7)

Net: 205 - » 30,
Since the C1O -1 C]() reaction is partially rate-determining in this cycle (the photolysis of
CIOOClalso plays arole), it is important to determine the temperature and pressure dependences
of therate cocfficients under atmospheric conditions, During the day, photolysis of CIOOCI is
much faster than unimolecular decomposition.  Under nighttime conditions, the removal o -
ClOOCI is most likely domin a0q by thermal decomposiiton and the rate of this process must be
knownto calculate the partitioning between chlorine-containing specics.  Because thermally
stabilized CIOOC] has at least three unimolecular decomposition channels (CI1O -1 C10, Cl+
Cl00, Cl» 105), and these channels have different atmospheric consequences under nighttime
conditions, it is aso important to establish the thermal decomposition branching ratios under
atmospheric conditions,

The ClO -1 CIO reaction has been studied extensively by direct and indirect methods for
severa decades. Farly work on the photolysis of Cl,-O4 mixtures’? suggcested the importance of
the CIO+CIO reaction in propagating, the chain destruction of O3, The first dircet studies of
reaction 1 did not come about until the development of the flash photolysis technique and the
subsequent identification of the ultraviolet absorption spectrum of C10.*7 Since these early
studics, rate coefficients for reaction 1 have been measured using several Kinetic techniques
including flash photolysis-ultraviolet absorption,5 8 discharge flow-ultraviolet absorption,g'11
discharge flow-mass spcclromclryl ? andmolecular modulation-ultraviolet absorption, 13-18

Rate coefficients for the termolecular component have been obtained by Basco and
1 1unt,% 1aymaner d., I" gander et al.” and Trolicr ef al.® The latter two studies were carried out

in the temperature range relevant to the polar stratosphere and arc inreasonabl y good agreement,



although Trolier et al. observed non-m-o intercepts in the rate cocfficient falloff curves which
were not observed by Sander ef al.

By comparison, the bimolecular channels arc poorly understood. Recent results for the
overall bimolecular rate coefficient at 298 K (ko-+k3+1k4) have ranged over afactor of about four,
and there is only one study of the temperature dependence of this parameter. ‘J here are no
temperature dependence studies of the branching ratios for the bimolecular channels. Steady -
state photolysis studies of the chlorine-photoscnsitizcci decomposition of ozone have consistently
given valucs of about ¢ for the quantum yicld for ozonc destruction in N, bath gas at 298 K,
implying a branching ratio of about 2 for the CIOO +Cl channel relative to the Cl, -0,
channel /? *1’ here arc no time-resolveci studies of the branching ratios in M: N2 with which to
compare these results.

1 {equilibrium constants for the reaction

2C10< " » ClOOCI

have been measured by Basco and 1 Iunt® and Cox and 1 derwent’? at room temperature anti by
Cox and 1 layman20 over the temperature range 233 - 303 K. These results arc in reasonable
agreement and lead to a calculated O-O bond (dissociation encigy of 17.3 keal mol"! assuming,
C100Cl to be the predominant form of the CIO dimer.

in this paper we present the results of an cxtensive study of the ClO + ClO reaction with
the goalof characterizing the rates and mechanism of both the bimolecular and termolecular
channels over a wide range of temperature and pressure using several different collision partners.
Evidence is presented for the existence of aimp)-liveci C10O-Cl, complex which greatly enhances
the apparent rate of the recombination channel. Results arc also presented on the rate of thermal
decomposition of C100CI.

Experimental

‘I-he experiments described in this paper were carried out using the flash
photolysis/ultraviolet absorption technique. The apparatus has been described in detail
previously.” The flash lamp/rcactor is a unit consisting of four concentric Pyrex tubes,
approximately 1 m long, comprising the reaction cell (1ini.d.), photolyzing light filter, xenon
flash lamp and cooling/heating jacket. The ccl] was operated in the continuously flowing mode,
with al | reagent and carrier gas flows being measured with calibrated mass flow meters. The
analytical light source was a 150 W xenon arc lamp which was collimated and ‘coupled into the
reaction cell through 8-pass White-type optics with external mirrors. The optical path length was
720 cm. The exit beam was transferred via a switching mirror to a 0.32 m focal length
spectrograph (150 pm dlit width, 0.18 nm resolution) equipped with a 1024 channel optical



multichannel analyzer (OMA) for the detection of C10 and OC1O, or to a0.5 m monochromator
(150 pm dlit width, 0.13 nm resolution) and photomultiplicr for the detection of CIO and Cl,0.
The photomultiplicr output was amplified, low-pass filtered and digitized with a signal averager
interfaced to a microcomputer.

in experiments which used the photomultiplier, C1O radicals were monitored by their
absorption at the peak of the 12-0 -3/2 subband (A<X) at 275.5 nm. in the OMA
experiments, five vibrational bands (1 O-O, 11-O, 12-O, 13-0 and 14-O) were monitorced over the
wavelength range 270 - 280 nm. OCIO was monitored using the OMA over the wavelength
range 340-400 nm which encompassed seven vibrational bands [a(6), a(7), a(8), a(9), a( 10),
a(11) and a(12)]. The OMA was normaly operated in the time-rcsolvecl mode.?/ in this mode,
up to 500 sweeps could be recorded per flash with each sweep consisting of a 10?4 channel
spectrum with a minimum 16 rns averaging time. in afew experiments, the OMA time
resolution was increased by operating the OMA with a reduced number of channels (200
channels, 4 ms resolution), which aso reduced the spectral coverage. OCIO and C1O spectra
from the OMA were processed by first coadding and converting to absorbance the spectra from 5
to 20 successive flashes. Spectra were convolved with a 7 point triangular kernelto match the
exit dlit function of the spectrograph. Because of the formation and removal of species such as
Cl,0 and CIOOCI which have slowly varying continuum absorption which overlap the specics
of interest, it was nccessary to eliminate time-varying baseline offsets. This was accomplished
by subtracting from the smoothed spectrum a third-order polynomial obtained from a curve fit to
the spectrum. Absolute ClIO and OCIO concentrations were obtained by fitting each observed
spectrum to calibrated literature spectra using the conjugate gradient method. For these
experiments, the OMA was preferred over the PMT because of several important advantages.
Because both C10 and OCIO have absorption spectra with distinguishing vibrational band
features, retrieval of these features provided a means to discriminate against time-varying
baseline shifts from continuum absorbers. This was particularly important for the high
temperature experiments with excess Cl,O because of the effect of chain Cl,0 removal on the
ClO absorption baseline. The second benefit stems from the OMA multiplex advantage which
arises from the use of 1024 separate detectors in the focal plane. This results in a signal-to-noise
ratio improvement of more than a factor of 10 over the photomultiplier. The detection limit for
both C10 and OCIO using the OMA was about 2 x 10'® molecule cm™.

1 ixperimental signals were converted to absorbance units using Beer's Law,

A=- Nol = -In{l/1,}

where N is the species concentration, o is the absorption cross section and 1 is the pathlength. 1,
was determined from the pre-flash signals for PM”]" and OMA data recorded at higher
temperatures (T = 250 K). The signal as t-—»o was used as 1,for low temperature (T < 250 K)



PMT data.For I'M'I’ data collected at 275.5 nm, four species (C10, Cl,O, C100C1, Cl,) have
significant absorption with the following absorption cross sections at 298 K: ocip= 8.4 x 10-'8
em??l 60,0 * 124%10-18 em*? Cione = 245 x 1018 em?,? and oy,= 2.19 x 10-20
em??? The measured absorption cross section of ClOshows a temperature depcndcncc,‘”
however, the variation of ocjp over the temperature range of the excess chlorine atom
cxperiments (260 K <1 <400 K) is less than 7°/0 so no correction was made for this variation in
the fitting routine. At 195 K, the lowest temperature of the excess Cl,O PMT data, the CIO cross
section is extrapolated to be 10.6 x 10-] *em?.

OMA rcfcrencc spectra were obtained by coadding 1000 spectra collected under
conditions which maximized either the C10 or OCIO signals. Yor C10, 100 spectra at a time
resolution of 4 ms were collected immediately following the flash when the CIO concentration
was greatest. This cycle was repeated ten times to achicve a total of 1000 averaged spectra. '1'he
absolute ClO concentration of the resulting spectrum was calculated by comparing the
absorbance difference between successive maxima and minima of the absorption spectrum to the
relative cross section differences of the same maxima and minima determined previously.2] By
using relative cross sections between maxima and minima of the absorption spectrum instead of
absolute cross sections, possible errors caused by background absorption from Cl,0, Cl,, or
C100CI were minimized. For OClIO, 1000 spectra were collected at a time resolution of 20 ms
beginning 5 seconds following the flash. This allowed OC10 formation to reach a maximum.
This rcfcrencc spectrum was converted to absolute concentration in the same manner as
described for C10 by comparison of the relative absorbances to the OCIO cross sections
measured by Wahner ef al.?? Because of the improved signal-to-noise of the OMA data which
allowed the rate coefficients to bc determined rnorc precisely, the temperature dependences of the
C10 and OCIO absorption cross sections were used when calculating the absolute concentration
of the rcference spectrum. For ClO, the expression used to calculate the cross section at a given
temperat Urc was

ociof1) = 6¢10(298){ 1.011- 104.9/T+ 30330/ 1'%}
where 0,,,(298) = 8.4 x 10" cm? molecule™! is the cross section at 275.5 nm. This expression
was derived by fitting the C10O cross sections reported by Sander et al?! versus U1’ toa quadratic
eguation. The usc of a quadratic equation dependent on inverse temperature was somewhat
arbitrary and was chosen because it provided the best visual interpolation of the data. Jn the case
of OC10, the expression was

oocio(1)-00c10(296){ 1.733- 0.00248" 1}
where 0,.,,(296) = 1.275 x 10-17 cm’molecule™! is the cross section for the a(1 1 ) line. This
expression was derived by fitting the a(1 1) cross sections reported in ref. 26 versus temperature
to astraight line.



The mechanism employed in the study of the Cl1O + C10 reaction used the photolysis of
Cl,-Cl,O mixtures at wavelengths longer than 300 nm (Pyrex cutoff). In this system, C10
radicals were formed by the reactions

Cly+hv -—-.-52Cl

Cl 4 ClLO ——— ClO + Cl, (5)
and to aminor extent from the photolysis of Cl,0,

ClLO + hv — Cl+ ClO.

As discussed in the Results section, conditions for reaction 5 were employed such that
either Cl or C1,0 were present in excess. In either case, the production of ClO typically took
place on a time scale three to four orders of magnitude faster than its removal. The exception to
this condition occurred when O,was used as the buffer gas. in this case, CIO was also formed
by the reactions

M
Cl+0y ——— Cloo

cl + ClOO - 2CI0.
which occurred on a longer time scale. This formation mechanism will be discussed below.
Cl,0 was prepared by the method of Cady7 Residua chlorine from the synthesis was
removed by distillation at -112 °C. C1,0 was introduced into the flash photol ysis cell by flowing
helium at 5 psia through a bubbler containing the pure liquid at -78 ‘C. Ultra-high purity
chlorine, helium, argon, nitrogen, oxygen, CF4 and SF¢ were used as received.

Results

The primary objectives of this work were to measure the rate coefficients for all of the
known bimolecular and termolecular channels of the C10 + ClO reaction and to measure rate
coefficients for the unimolecular decomposition of C100CI to 2C10 over as wide a range of
pressure and temperature as possible. The major difficulty in determining channel-specific rate
parameters for the C10O self-reaction arises from the rapid regeneration of C10 from Cl and C100
radicals produced in reactions 3 and 4. in addition, at temperatures above about 250 K, the
thermal decomposition of C1OOCL1 back to C10 plays a major role in determining the C10 time
dependence. These regeneration mechanisms complicate the kinetic analysis of both the primary
C10 decay and the formation of OCIO and have been a major source of uncertainty in previous
studies.

Mechanism. The complete set of reactions considered in the kinetic analysis is given in
‘I'able 1. For completeness, the mechanism explicitl y considers all the known reactions that



involve CIO formation and removal, reactions of C100, OCIO and C100CI and Cl termination.
However not all these reactions are important under all conditions. The stoichiometric and
temperature regimes in which individual reactions play an important role are indicated in Table 1.
Most of the rate coefficients were taken from the NASA kinetics data evaluation®? incl uding the
expressions for k_; and k., which were derived by combining the tabulated temperaturce
dependent expressions for the reverse reactions and equilibrium constants. Flow through the cell
was also included in the mechanism and was modeled by a single exponential function with a
time constant, tqoy- 1-he vaue of 14, was in the range 0.1-0.01 s1. The effect of flow on the
observed signals was minimal as the residence time of reactants and products in the cell was
adjusted to bc 5-20 times longer than the time interval over which useful data was acquired.

For the experiments which employed excess Cl, it was necessary to estimate the time
dependence of the chlorine atom concentration. Cl loss can occur by the direct recombination
react ion,

M
Cl4Cl—— Cl, 9
and also by CIO catalysis,
M
c + ClIO -———> ClLO (8)
cl +Cl0 ——— Cl, + ClO )]

Net: Cl+ Cl ——~—M—> Cl,
For the latter mechanism, reaction 8 is the rate limiting step.  Since the Cl1+ C1O recombination
reaction has not been studied experimentally, an estimatc of the low-pressure limiting rate
constant was made using the method developed by Trot.”A value of 6 x 10-32 cm® molecule™
S| was estimated at 298 K.

In order to minimize the complications arising from secondary chemistry, the reaction
was studied in three different regimes of initial reactant stoichiometry (Cl,O:Cl) and
temperature. These regimes were 1 ) excess Cl,0,T < 250 K, 2) excess Cl, 250 K < T £ 400 K
and, 3) excess Cl,0, 250 K <T < 400 K. The ranges of reactant concentrations for each of these
kinetic regimes is summarized in Table II. The experimental conditions as well as the
mechanisms used in the analysis of data from the three regimes will be described in detail below.

For some of the reaction conditions employed, the rate equation for the C1O time
dependence did not have an analytical solution. In this case, rate coefficients were determined by
obtaining the best fits between experimental absorbance data and numerical solutions of the
reaction mechanism in which the rate coefficients were varied, Two separate computer codes
were used to obtain the fits. One employed the conjugate gradient method and was used for very



rapid evaluation of mechanisms of limited size. The second code was the | larwell program
FACSIMILE?® which alowed symbolic input of the reaction mechanism at the expense of

increased execution time.

Excess C1,0, low temperature (7'< 250 K). At low temperature (“J < 250 K), the
dominant channel for C10 reaction is C1OOCI formation. Under these conditions, the rate of the
addition channel is at least a factor of 25 times faster than the sum of the bimolecular reaction
rates. The rate of C10 dimer decomposition is also very slow; the 1/e lifetime of the dimer is
greater than 20 sat T = 250 K. By neglecting the contributions from bimolecular reactions and
dimer decomposition and assuming that reaction 5 is fast compared to the rate of dimer
formation, the mechanism reduces to a simple second-order loss process for ClO, i.e.,

d[CIO

—[dt ] = -k, [M] [ClO}? (lo)
L 1

[clo] k(M [CIO], 1

The results of the experiments carried out under these conditions were reported in a
previous publication and will not be repeated here. Due to space limitations in the earlier paper,
it was not possible to give the measured values of kin tabular form, Values of kat each
pressure and temperature are therefore given in I’able 111 as wc]] as the parameters derived from
fitting these data to the fall-off expression given by Troe.?®

Excess atomic chlorine, high temperature (250 K <7'<400 K). A set of experiments was
conducted under conditions such that photolysis of Cl, produced excess Cl over Cl,O. To afirst
approximation, Cl remained in large excess over the time scale of the C10 + CIO reaction, The
presence of excess Cl affects the reaction mechanism in three ways. first, Cl rapidly and
stoichiometrically converts all of the C1,0 to C10. There can therefore be no secondary
regeneration of C10 by reaction 5. Second, Cl rapidly converts all of the CIOOCI produced in
reaction 1 to Cl, and C100 (which rapidly decomposes to Cl +4- 02), The net reaction is the ClI-
catal yzed recombination of C10 to CL,

M
CIO +- Clo —— CIOOCI (1)
Cl + ClI0OCl —— > Cl, + Cloo (6)
M
Cl0O ——— d + 0, (-7)

Net: C10 + C10 ——— Cl, + O,

10



Third, the OC10O produced in reaction 4 rapidly regenerates C10 by reaction with excess Cl
(reaction -4). Reaction 4 therefore does not contribute to the loss of Cl1O. With the rapid
removal of Cl,0, CIOOCI and OCIO by Cl, there is no secondary regeneration of C10 on the
time scale of the C10 + ClO reaction. Under these conditions, the loss of C10 in the excess Cl
system is given by,
d[ClO] _
T
where CIO formation (reaction 5) is assumed to be instantaneous relative to C10 loss and

transport out of the cell has been neglected. [C10] should follow a second-order rate law with
the effective rate coefficient being given by

kobs = k1 [M] + k.4 k..
Plots of kq,s VS. [M] should therefore be linear with slope k and y-intercept k,* K.

When 02 was used as the bath gas, the time dependence of the Cl1O formation displayed a
slower secondary increase in addition to the rapid rise due to reaction 5. This secondary
formation of C10 was caused by the association reaction of chlorine atoms with oxygen to form
the chlorine peroxy radical followed by reaction with atomic chlorine to form ClO, i.e.,

Cl+0, —M 5 cloo (7)
ClI00+(Cl—— 2C10 (-3")
The secondary ClO formation process could be readily modeled by including these reactions in
the mechanism used to fit the data. Because the formation of ClO from reaction -3” was much
faster than its removal by the C1O + CIlO reactions, there was no impact on the uncertainty of the
derived rate constants.

It was found that C10O temporal decay profiles could not be fit precisely by a second-order
rate law. This was due to a partial breakdown of the excess chlorine atom assumption at long
reaction times duc to direct Cl recombination (reaction 9) and ClO-catalyzed recombination
(reactions 8 and 5). Under these conditions, additional terms must be included in the CIO rate
equation accounting for regeneration from dimer decomposition (reaction -1) and the reaction of
Cl with OC10 (reaction -4). Mechanism simulations indicate that the contribution from dirner
decomposition dominates especially at high temperature and pressure (C1OOCI decomposition
increases by over four orders of magnitude between T =260 K and T = 400 K¢, while the rate
of dimer formation decreases by a factor of only three.) Gas flow out of the reaction cell also
made a small contribution to the C10 loss rate.

Because of these additional complications, the C1O rate equation does not have an
analytical solution. Rate coefficients were determined using FACSIMILE to fit single-
wavelength (275.5 nm) absorbance data from the PMT to the time-dependent absorbance change
calculated by the model using the reaction mechanism in Table I and absorption cross sections in

-(k,IM] + K, + k;)[CIO)? (12)

11



I’able Il. The calculated absorbance change at this wavelength is primarily due to CIO but
includes minor (<10%) contributions from CIOOCI, Cl,0 and Cl,. In fitting the observed
absorbance curves, rate coefficients for the termolecular component (k ), two of the bimolecular
components (k,, k3), the Cl + ClO 4 M reaction (kg) and flow through the cell (tq,.) Were varied
while all other rate coefficients were held fixed. ‘I" he rate coefficient for the Cl + OC1O product
channel (k,) was initially fixed at 2 x 10-] ° cm’molecule” I's1 to reduce the number of degrees
of freedom. Because OC10 is rapidly recycled, the fits were insensitive to large variationsin kg
as expected. Since kg controls the chlorine atom recombination and its value has not been
directly measured, it was treated as a variable parameter. The final value of kg produced in the
fits was typically within £50% of the estimate using Troc's method. The value of tq,, derived
in the fitting procedure was typically ~0. 1 s’ which compares favorably with the cell residence
timeof-15s.

The values of k;, k,and k,which resulted from the fitting procedure were not unique,
but were dependent on the initial guess for each parameter. Iowever, the sum of the rate
coefficients for al C10O loss terms, ki = k [M] + k,* k,, converged to a unique value regardless
of the initial parameter guesses for these parameters. By including the effects of chlorine atom
recombination and reagent flow, the computed values of ki (= k[M]+ky +ks) differed by
about 15°/0 from the results using the analytic second-order rate expression, but the correction
was as large as 400/0 for some runs. Figure 1 shows a typical C10 absorbance signal with the
corresponding fits using the full mechanism (Figure 1a) and a second-order rate law (Figure 1 b).
The visual difference between the two fitsis slight with the difference best seen in the somewhat
greater variation of the residuals for the fit to a second-order rate law.” The computational
difference is more apparent--the sum of the squared’ residuals is 35% greater for the second-order
rate law fit compared to the full mechanism fit.

As indicated in the preceding discussion, plots of ki vs. [M] should be linear with the
slope and y-intercept corresponding to k ; and k,+ Kk, respective y. An example of such aplot is
given in Figure 2 for M =N,. While all the data plots are linear, a dependence of the intercept
on [Cl»] is observed. Because C1,photolysis was used as the chlorine atom source and the
fractional dissociation of Cl,is low (-0.2%), high Clz concentrations (5 -18 x 10'® molecule
cm’®) were necessary to produce a large excess of chlorine atoms. A likely explanation for the
[Cl,] dependence is the varying contribution of C1,to the overall collisional efficiency of the
bath gas. The effective reaction is

CIO + CIO + Cl, ——— CIOOCI + Cl, 1

12




although the energy transfer from vibrational 1y excited CIOOClI is probably catalyzed by a stable
complex, as discussed below. With the third body effect of Cl3 included, the expression for Kot
isgiven by
kiot = ky [M] 4 k,* k.1 k;'[Cly]

where k ;'is the termolecular rate coefficient with M = Cl,. Because reactions 1 and 1° both
produce CIOOCI, the fitting routine cannot differentiate between the two processes and lumps all
the dimer formation processes into reaction 1. The individual rate coefficients can be extracted
from ko by first plotting ko vs. [M] which has a slope of k; and a y-intercept of ky + k,+
k{'[Cl,]. A plot of this y-intercept vs. [Cl,] will have a slope of k ' and a y-intercept of k,+ k..

C10 loss data were collected at temperatures ranging from 260-390 K, pressures ranging
from 50-700 Torr and [Cl,] ranging from 5-18 x 1016 molecule cm®. A plot of Kot vs.[N2]
for a number of C1,concentrations at T = 350 K is shown in Figure 2, and a plot of the resulting
y-intercepts vs. [Cly] is shown in Figure 3. The calculated value of k; at a given temperature was
obtained by averaging the slopes for al plots of kit vs. [N,] such as Figure 2. An Arrhenius plot
of kN, over the range T = 195-390 K is shown in Figure 4a in which dimer formation rate
coefficients from both low temperature/excess C1,0 and high temperature/excess Cl experiments
arc included. The temperature dependence expressed in Arrhenius formisk ; y 2(T)= (1 .221
0. 19).x 10-* exp{(833+ 34)/T} cm® molectig An aternate expression for the temperature
dependence, in which the data is plotted i |n log-log form shown in Figure 4b, is k; N, (T) = (2.07
+0.09) x 10-32 {T/300 } G012 0 20) cm® molecule* $Dimer formation rate coeff|C| ents with
N,as a third body are summarized in Table IV. Table V summarizes the y-intercepts of the plots
of ki Vvs. [N2] as a function of [Cl,]. Figure 5 shows the sum of the bimolecular rate
coefficients, k,+- k,, in Arrhenius form. The sum is expressed as (k,+ k3)(T) = (1.78 £ O. 19) x
10"1 exp{-(2150 + 450)/T} cm’molecule’ SH.

The efficiency of dimer formation as a function of bath gas was studied at 300 K. Plots
of kot VS. [M] for M = He, Ar, N,, 0,, CF,and SF,are shown in Figure 6. As discussed above,
the slopes of each plot give k; \- The values of k; ¢ 2(T) were determined from the slopes of the
plot of k,+ k,+ k '[Cla]vs. [Cl] (see Figure 3) at each temperature. The results for each bath
gas at 300 K as well as the variation of k 1,cl, @ a function of temperature are summarized in
~'able VI.

Excess CI,0, high temperature( 250 K <1 < 400 K). A series of experiments was
conducted over the temperature range 250-400 K using excess Cl,O over Cl. In these
experiments, both C10 and OC10O were monitored. As with the excess C1,0 experiments at
temperatures below 250 K, the chlorine atoms initially formed from Cl, photolysis are rapidly
converted to C10. Above 250 K, the C10 + C10 bimolecular channels contribute to the formation
and removal of C10. Reaction 3 produces two Cl atoms; one from the direct bimolecular
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reaction and another from the rapid thermal decomposition of C100 (reaction -7). These Cl
atoms will be quickly titrated by Cl,O (reaction 5) to regenerate C10. The overall result of
reaction 3 is no net loss of ClO. Similarly, the Cl atom produced in reaction 4 regenerates one
C10 molecule. The effect of CI +CIOOCI (reaction 6) on the C10 kinetics is also negligible.
Even though the rate coefficient of reaction 6 is comparable to the titration step (reaction 5),
kinetic simulations using the full reaction mechanism indicate that the maximum concentration
of CIOOCI produced is approximately 200 times less than the C1,0 concentration, and thus
CIOOCI cannot compete with Cl,O for the removal of CI. Thus, neglecting the effect of C1OOCI
decomposition, the observed second-order rate coefficient for C1O loss from the bimolecular
channelsis given by
kobs = K,+ ¥2ky.

The time dependence of the OCIO product also provides kinetic information. Neglecting CI1O0OC1
decomposition, the OCIO time dependence is given by

k
kK, 2[C10]0(k2 a4 )t
[0CIO] = [ClO], 2

k ~ k
2(1(2 4 »24) :2[c1010(1<2 + _24)1+1

Under these conditions, a plot of 1 /lOCI0]vs. 1/t hasasdl ope of (‘/zk4[ClO]02)'] and an intercept
of 2(ky+ 2Ka)/(V2k4[CIO) ). B y monitoring OC10, k,and k,can therefore be determined
individually, and the values of k,+ 2k, derived separately from the ClO and OC10 data can be
checked for consistency.

A significant complication is posed by the effect of CIOOC] decomposition. Above 250
K, C100CI decomposition cannot be neglected and at temperatures above 300 K, C100C1
approaches equilibrium with CIO on a time scale comparable to the loss of C1O by the

bimolecular channels. The resulting rate equation for C10 is
d[CIO] _

== = (g M) ks —;-k4)[CIO]2 + 2k, [M][CL,0,]  (13)
Since this equation does not have an analytical solution, FACSIMILE was used to analyze both
the CIO and OC1O kinetic data. The mechanism for conditions of excess Cl,O consisted of
reactions 1, -1, 2, 4, 5 and flow through the cell. The use of this relatively small subset of the
reactions in Table 1 was possible because the combination of the large excess of C1,0 and the

large rate coefficient for reaction 5 precluded the scavenging of Cl by any species other than
C1,0, afact that was verified using simulations. Initialy, the objective was to determine the rate
coefficients for the bimolecular reactions, k,and k,. The procedure that was employed was to fix
the rate coefficients that determined the 2C10-C100C1 equilibrium (k and k_;). The mechanism
used values of k determined in the excess Cl experiments and, as a starting point, values of k_;
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were used asinferred from the equi |i brium constant measurements of Cox and Hayman. 20 |1 the
fitting procedure, the values of k,, k,and Tqow Were varied.

Another complication in the data analysis for the excess C1,0 experiments above 250 K
arises due to changes in the absorption baseline (l.) caused by removal of C1,0 during the
reaction. Both reactions 3 and 4 produce Cl which catalyze the removal of Cl,O. Although
reaction 3 is a propagation step and does not result in the loss of CIO, the effect on the baseline
change is non-negligible since the chain length for Cl,O removal is about 6. The changing
baseline introduces an ambiguity in the measurement of C10 in the PMT experiments in which
ClO is monitored at a single wavelength. In attempting to fit the single wavelength data without
reaction 5, the routine became non-deterministic because there is insufficient information to fit
the decay curves without prior knowledge of the Cl,O removal rate. in the excess Cl,O
experiments below 250 K, the effect of the baseline shift due to changes in CI,O is negligible
because reactions 3 and 4 become very slow, however, a small analytic correction due to residual
absorption of C100OCI was required, as discussed above.

The remedy for this problem was the use of an OMA for data acquisition in which a
portion of the absorption spectrum of either Cl1O or OCIO was collected as a function of time.
The time-dependent spectra were compared to a reference spectrum of known concentration to
determine directly the concentrations of each species. Because this is a differential absorption
technique, the artifact associated with the baseline change is eliminated. An example of an OCIO
signal and the associated fit are shown in Figure 7. The inset of Figure 7 displays a typical OC10
spectrum from a single scan of the OMA fit to the reference spectrum. Because of the multiplex
advantage of the OMA and the resulting high signal-to-noise-ratio, it was possible to obtain fits
for k,and k,with very good precision. The temperature dependent rate coefficients are
displayed in Arrhenius form in Figure 5, and the data arc summarized in Table VII. The rate
coefficient expressions for each bimolecular channel are k(1) =(1.01 £ O. 12) x 10-12 exp{ -
(1590* 100)/T} em® molecule™ s and k4(T) = (3.50 # 0.31) x 10" exp{-(1370+ 150)/T} cm’
molecule™! SI. With k,determined under conditions of excess C1,0, and k,+- k,determined
under conditions of excess Cl, the rate coefficient expression for k,was calculated from the
difference between these expressions. This resulted in k(1) (2.98 £0.68) x 10-1" exp{-(2450
+ 330)/T} cm’molecule’S-I.

C10 removal also was monitored using the OMA at 340 K and 370 K in order to check
the consistency of the bimolecular rate coefficients determined by monitoring C10 with those
measured above while monitoring OCIO formation. The reaction mechanism consisted of
reactions 1, -1, 2, 5 and flow with k,and tfow as varied parameters and k;, k.; and k;held fixed.
In this case, the value of k,derived in the fitting routine is actually a measure of the total rate of
C10 termination by the bimolecular channels and is equivalent to k,+%2k,4. Reaction 4 was

15



excluded because the C10 data provide no direct information on the OCIO yield. A typica ClO
signal and the corresponding fit are shown in Figure 8 with the inset illustrating a fit of the C10
reference spectrum to the. OMA data. The values derived for k,+'2k, are given in the last
column of Table VII. For comparison, values of k,+ Y2k, from the OCIO data arc also shown.
The agreement is better than 10%.

The activation energy of the OC10 + Cl channel determined in this study isE, =2.72
Q30kcalmol ™. This value, combined with the activation energy of the reverse reaction?6 (E, =
-0.32 kcal me]'l ), gives an enthalpy of reaction 4 of AH°= 3.04 kcal mol !, The enthalpy of
formation of OCIO calculated from this result is AI‘IOf’OClO(zgg): 22.6 + 0.3 kcalmol™! which
compares favorably with the most recent value reported in the JANAF tables’? of
A11°£OC,O(298) = 23.2 + 1.9 kca mot .In addition, the value of AH’__,(298) derived from
thiswork has a significantly smaller uncertainty.

The experiments carried out above 250 K with excess Cl,O provided a means to
determine rate coefficients for the unimolecular decomposition of CIOOCI. Above 250 K, it was
possible to choose a diluent gas pressure above which the time scale for the equilibrium

210 <M clo0c

was much faster than the time scale for C10O termination by the bimolecular channels. The C1O
decay in Figure 8 illustrates this separation of time scales for an experiment carried out at a
temperature of 300 K and a total pressure of 200 Torr of N,. The initia steep drop in ClO
concentration is due to the establishment of the equilibrium between C10 and C100C1, and the
subsequent slow decay is due to bimolecular termination. The temporal regimes for these
processes are clearly separable. This is also important in the determination of the rate
coefficients for reactions 1-4 described above, The fitting routines for each stoichiometric case
were quite insensitive to the precise value of k_;, so errors in this parameter had no significant
effect on the derived rate coefficient expressions for k 1, k,, k3 and k,. The temperature
dependent expression for k_; inferred from the data of Cox and Hayman20 was used in these
mechanisms.

By using the measured values of k, k,and k,, improved values of k_; could be
determined by monitoring the loss of C10O, under conditions of low temperature and pressure
where the contribution from the bimolecular channels is small and the establishment of
equilibrium between C10 and C100OC1 occurs on atime scale consistent with the data acquisition
time, The C10 signal was monitored with the OMA over a temperature range of 260-310 K and
a pressure range of 25-300 Torr. Signals were fit to a ssmplified mechanism which consisted of
reactions 1, -1, 2, 5 and flow through the cell. The value of k,was determined from the rate
coefficient expression reported in this paper. As previously mentioned when monitoring CIO
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loss under conditions of excess C1,0, k, represents the sum of reaction 2 and one half of reaction
4, so the value used in the fits was given by k,+ '2ky. k. | was the only parameter varied in the
fitting routine with the results given in Table VIIIL.

The C10O-C100C1 equilibrium constant as a function of temperature was calculated from
the measured values of k j and k-. Values of Kp(T) are summarized in Table VIII, and a van't
Hoff plot of In[Kp] vs. T is shown in Figure 9. The enthalpy of reaction 1 calculated from the
slopc of the van't Hoff plot is AH°=-19.5 + 0.7 kcal mol™!, and the entropy change derived from
the y-intercept is AS = -41.4 + 2.4 cal mol™! K!.This 2nd Law analysis resulted in a heat of
formation of C100CI of AIJOf,C]OOC|(298):28.9* 0.7 kcal mol™! and S°ciooc)= 67.2 1 2.4 cal
mol™! K1,

The thermochemistry of the CIOOC! intermediate may also be determined from the 3rd
L.aw. Using standard statistical mechanical formulas, the entropy of C1OOC1 was calculated
using vibrational frequencies of 752.6, 649.9, 560, 440, 320 and 127 cm1l, and rotational
moments of inertia of 14= 6.4209415 x 10®gcm?, I = 35306628 X 10-39 gcm? and I¢ =
39.722506 x 10-39 g cm’The values of 752.6 and 649.9 em’! were determined from matrix
isolated IR spectra; 3. these features correspond well to features observed by Burkholder ef al.?3
at 753 and 653 cm-" who aso observed a feature at 560 cml The transition at 127 cm’was
estimated from the microwave spectrum. 32 The transitions at 440 and 320 cm] were taken from
the calculations of Rendell and 1.ec.33 Variation of these values by uncertainties consistent with
the discrepancies within the literature has a maximum effect of -1.0 cal mol™! K71 on the
calculated CIOOCI entropy. Rotational constants used were those of Birketal’! This
calculation yielded S°, = 72.2 + 1.0 cal mol ' K'1. The average enthalpy of reaction 1
calculated by this method was AH°= -18.1 * 0.2 kcalmol™!, resulting in a CIOOCI heat of
formation of AH% cj00ci(298) = 30.5 + 0.2 keal rnol ‘. The expression for the equilibrium
constant obtained using this method is Kq(T) = (1 .24 £ O. 18) x 10-27 exp{(8820 + 440)/T} cm’
molecule-| This compares to the current NASA evaluation of K¢q(T) =3.0 x 10-27 exp{(8450
850)/T) cm’molecule™ %6 Usi ng equilibrium constant values computed from the above
equation, the temperature dependence for k.j consistent with the 3rd Law anal ysis and the rate of
dimer formation is given by, k-(T)= (9.81 *+ 1.32)x 10-7 exp{-(7980 % 320)/'1'} em® molecule-
S-?

The difference between the CLOOC1 entropies calculated from statistical mechanics and
the 2nd Law analysis (5.0 cal mol’! K-]) is not unusualy large34 but cannot be resolved by
invoking the maximum error bounds of al parameters used in each determination. In the 3rd
Law analysis, the vibrational frequencies of CIOOCI are the most uncertain input parameters, but
the vibrational contribution to the total entropy is small compared to the translational and
rotational contributions, and so varying the frequencies by the maximum possible errors has littl ¢
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effect on the calculated entropy. Similarly, the experimental data used in the van't 1 loff plot of
Figure 9 is sufficiently precise that the error bound on the y-intercept is only +2.4 entropy units.
Since the entropy of C1OOCL is constrained reasonably well by the available spectroscopic data
and the entropy change obtained from the van't Hoff equation involves a long extrapolation, the
enthalpy change derived from the 3rd l.aw analysis is considered to be the preferred method.

Discussion

Uncertainties and sensitivities. The methods used to abstract rate coefficient information
from the actua experimental data involved a number of assumptions about the relative
importance of the elementary reactions in the mechanism outlined in Table | and a significant
amount of numerical manipulation of the raw data, In order to have confidence in the derived
rate coefficient expressions, it is necessary to understand the sensitivity of the calculated rate
coefficient values to these assumptions and the uncertainties introduced by the numerical
analysis procedure.

Under conditions of excess atomic chlorine, the mechanism employed in the fitting
routine was comprised of 15 elementary reactions. The value derived from the data under these
conditions was the total rate of C10O loss given by k. =k [M]+k,+ k,. Figure 10 illustrates
the effect of uncertainties in the rate coefficients held fixed in the fitting procedure on k., and
the sensitivity of the mechanism to variations in those rate coefficients. The percent change in
the calculated value of ki, was determined by performing fits of the data to the reaction
mechanism, as was done in the preceding section to determine k ; \, and k,+ k,, where the input
value of each rate coefficient held fixed in the procedure was individually varied by its reported
uncertainty. Figure 10 indicates the magnitude of the possible errors introduced into the
calculated ko from the uncertainty of the rate coefficients used in the fitting procedure, As can
be seen, the uncertainties of the known rate coefficients have little effect on the derived value of
k01> the greatest change being only -0.6°/0 of the fitted value of k. For example, the reported
value of k_- has an uncertainty factor of 3, yet varying the value of k_5 in the fitting routine by +-/-
this uncertainty produces a change in ky of only -0.4% and -0.6%, respectively. Thus, the
mechanism used in determining ky iS quite insensitive to the exact value of k_. The same is
true of all the rate coefficients. Uncertainty factors for each rate coefficient arc included in
parentheses in Figure 10. The overall effect of uncertainties in the input parameters for the
fitting procedure on the determination of ky, is very small so that the error bounds reported for
k; and k,are an indication of the precision of the data, and are not introduced by the process of
fitting the data to the reaction mechanism.

Examination of Figures 3 and 4 gives an indication of the source of scatter in the analysis
procedure, particularly for the bimolecular rate coefficients measured under excess Cl conditions.

18



The process required to abstract individual rate cocfficients from k. involved fitting the data up
to three times with each successive fit being dependent on the previous results. The values
derived for k,+ k,and ky,cl, are dependent on the y-intercepts of plots such as Figure 2.
Uncertainties associated with the y-intercept of plots of ki, vs. [N,] will be propagated through
to the values derived from plots of the y-intercept vs. [Cl,]. Additionally, it was not possible to
reduce the concentration of Cl, to values near zero and still maintain an excess of Cl atoms over
Cl,O, thus making it necessary to extrapolate over a fairly wide region with no data points in
order to obtain the value of k,+ k,in plots of the y-intercept vs. [Cl,y]. The uncertainties
associated with these assumptions are reflected in the large error bounds for k,+ k,in Figure 5.
The resulting rate coefficient expressions arc k; ,Nz(T) = (1.22 + 0,15) x 10-33 exp{(833+34)/T}
em® molecule s] or, alternately, kyn,(1)= (207 1 ().09) x 10732 {1730 0} 301+ ¢m©
molecule™ s™ and k3(T) = (2.98 + 0.68) x 10™1 exp{-(2450+450)/T}cm® moleculel s’ where
the error bounds are an indication of the precision of least-squares fits to the respective Arrhenius
plots.

A similar analysis of the data under conditions of excess Cl,O is shown in Figurel1 for
the determination of k,and k,. In this case, the dimensionality of the mechanism was reduced to
six elementary reaction. As in the excess chlorine atom case, uncertainties in the rates of the
titration reaction (k) and flow through the ccl] were not considered. The error bounds used for
the rate coefficient of dimer formation were determined from the least-squares fits of Figure 4a.
The uncertainties in k,and k,introduced by the data fitting procedure are greater than those of
kot determined under excess chlorine atom conditions with maximum deviation from the fitted
values of 110/0 for k,and 9°/0 for k,, 1lowever, these values are less than the uncertainties
derived from a least-squares fit of the Arrhenius plots. Because the values of k,and k, were
determined directly from the FACSIMILE fitting routine, the uncertainties in these parameters
are much smaller than those of k,. This is evident in the respective plots of Figure 5. The error
bounds derived from the precision of the least-squares fits are +18'% for k,and +30% for k,.
~'bus, the largest uncertainty in the values of k,and k,arises from the statistics of the Arrhenius
plots and not from the kinetics anal ysis procedure of fitting the data to the reaction mechanism.
The error bounds are given by ky(T) = (1 .01 # 0.12) x 1071% exp{-(1 590 + 100)/T} cm?
molecule”!s™! and kq(T) = (3.50 £0.31) x 10713 exp{-(1370 + 150)/T} cm’molecule-| s where
the error bounds are a measure of the precision only.

For the determination of the rate coefficient of C1OOCI thermal decomposition, the errors
introduced in the fitted value of k_1 are shown in Figure 12 for the two parameters used as input
in the fitting routine. Error bounds for k ; and k,+ %2k, were those determined in the above
analysis. The resulting uncertainty in'k_j is 14% from kand 12% from k,+ Y2k4. This is
approximate] y equal to the uncertainty determined from the precision of aplot of Infk_;] vs. 1/T.
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The error bounds are expressed as k.,(T) = (1 .26 + O. 17) x 10-5 exp{-(8700+ 340)/T} cm’
moleculélsl,

C10 association rate constant (low-pressure limit). The temperature dependence of the
rate constant for ClO association (reaction 1 ) in the low-pressure limit has been measured
previously over limited temperature ranges. | layman et al.] * reported a value of kl,Nz(T): (6.0
+0.37) x10732 {7/300}-2.1 +0.7 cm® molecule®s™! measured over the range 1I' =- 268-338 K.
Trolier et al.® reported a value of ki, (1)7(1 .34 2 0.09) x 107{ 1'/300} ****cmS
molecule”s1 measured over the range 1 = 200-263 K. Sander ef al.,” whose data arc included
as the low temperature results reported in this study, derived the expression K ; ’Nz('l‘) =(1.820.5)
x 107 (1/300)3-6 %10 cm® molecule®s1 based on the data taken over the temperature range
195 -247 K. The C1O association rate coefficient measured in the present experiments is in
relatively good agreement with these values, although the temperature dependence is not as
strong as that reported by Trolier er al. and Sander efal. The temperature over which
measurements were taken for each of these previous studies was limited to a range of
approximately 60 K. In the present results, which include the data published by Sander er al., the
temperature regime ranged from 195 to 390 K and encompassed the individual ranges covered by
all of the previous studies. The values of kI’NQ(T), shown in Figure 4a, display good linearity
over the entire temperature range when plotted in Arrhenius form. However, when plotted as
In[k;] vs. In[1/300], as was done in the previous studies, shown in Figure 4b, the data exhibit a
systematic departure from linearity. This is most apparent at the temperature extremes of Figure
4b. The data at the lowest and highest temperatures lie above the fitted line, and the data at mid
temperatures lie below the fitted line. This is in contrast to the Arrhenius plot of Figure 4ain
which the scatter of the data points about the fitted line is more random. The data of Figure 4b
would best be fit by a curve with a slope that decreases as temperature increases. This is an
indication that a log-log analysis does not describe the data as accurately as the Arrhenius form.
This explains the stronger temperature dependence seen earlier--when only the data at low
temperature are analyzed using a log-log form, the apparent slope of’ the plot is steeper than
would be seen for experiments which extend over a wider temperature range.

Because of the relatively large temperature dependence of k j in the low-pressure limit,
falloff behavior for reaction 1 is observable only at temperatures below about 250 K. Sander ef
al. "obtained a high-pressure limiting rate constant of k | (1) = (6 4 2) x 10-12 (17300)%* ' e’
molecule-l s} when fitting the falloff data with a broadening factor (I;) of 0.6 (sec Table 111).
Trolier et al.® obtained a value of (48 £ 05) x 10-12 cm’molecule!s™! (independent of
temperature) for ky o, when their data were fit neglecting the bimolecular intercept.

The dependence of k,on bath gas (see Figure 6 and ‘I’ able VI) follows the expected trend
for third body quenching efficiency with the exception of 0,and C1,. Previous studies of the
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chlorine-photosensitized decomposition of O3 have reported that 0,reduces the quantum yield
for O3 destruction, d(,, relative to the same experiments carried out in N2. in the studies of Lin
et d.,’¥ the T =298 K, dp, was 6 in N2 while a value of 4 was obtained in 0,. At 1" = 240 K,
the results were identical for both bath gases. Since the quantum yield should depend only on
the branching ratios of the bimolecular channels, the bath gas should have no effect, To explain
this bath gas effect, it has been postulated that the products formed in the bimolecular channels
arc not the result of “direct” reactions, but rather that all reaction channels proceed through one
or more (ClO), isomers and subsequently undergo unimolecular decomposition to produce the
specified set of products. That k,,,,(300) measured in this study is 38% slower than kl,N2(3OO)
and 27% slower than k 1, o,(300) may be an indication that 0,is more actively involved in the
chemistry of the (C10),intermediate than simply playing the role of a third body energy
quencher. Trolier et al.’ measured a k],021k1 XN, ratio of 0.82, and Sander er al.” measured a ratio
of 0.94 compared to the present result of k j o,k N, = 0.62. The two previous studies were
conducted over temperature ranges much colder than 300 K where dimer formation dominates,
and the bimolecular channels are negligible, and hence may not reflect the possible effect of 0,
on the bimolecular channels present in the current room temperature experiments.

The rate coefficient for dimcr formation with Cl, as a third body is greatly enhanced
relative to the value expected from vibrational energy transfer arguments. The vaue of k | ¢ ,a
300 K is more than three times greater than k| \,, and is more than twice as large ask j gy, which
is considered to be a very efficient vibrational energy quencher. k 1,C12(T) also displays a unique
temperature dependence with the rate coefficient reaching a minimum at 300 - 310 K and
increasing dramatically at both lower and higher temperatures. “I”he low temperature behavior of
K Cl, may be explained by invoking a chaperone mechanism in which a C10-C1,intermediate is
formed which facilitates subsequent reaction with CIO, i.e.

ClO + Cl, ——> ClO-Cl, (15)

C10-CI2 +CIO ———— CIOOCl + Cl, (16)
Indeed, recent quantum chemical calculations suggest the existence of a weakly bound C10-C1,
species35 The rapid rise of k;,Cl, at higher temperature cannot be explained at this time.
Whether this increase is due to an unknown bimolecular reaction between C10 and Cl, or the
formation of some stable intermediate is not currently understood.

The presence of an enhanced C10O recombination rate in the presence of C1,may help to
explain an anomaly observed by Trolier ef al.”Trolier ef al. obtained better fits to their falloff
plots by including a temperature-dependent intercept in the zero-pressure limit. This intercept
varied from 6.7 (+7.6/-4.0) x 10-14 cm® molecule-l s™! at 200 K to 2.7 (+ 1.0/-0.9) x 10" cm?
moleculd s1 at 298 K. They speculated that the intercept might be due to a pressure
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independent decomposition pathway of vibrationally excited CIOOCI (forming Cl, + 0,) or to
the influence of multiple potential energy surfaces forming C1OOC1. The results from the
present study indicate that the first suggestion is unlikely since all the product pathways resulting
from decomposition of vibrationally excited CIOOCI proceed over barriers which make the net
reactions very slow at 200 K.

There is another explanation, however, for the intercepts observed by Trolier ef al. In
their study, Cl, concentrations around 6 x 1016 molecule cm™3 were employed, A measurement
of k yfor M =Cl, was made at 200 K by Trolicr et al. and found to be about 1.1x10-3] cm®
molecule™s™! from measurements over a limited range of [Cl,). This value was used to correct
all their kinetic data, presumably at all temperatures. In contrast, extrapolation of the low
temperature kl,C12 from this study (see 3'able VI) to 200 K gives a value of (7.0 4 3.5) x 10-3
em® molecule? 57! Using this rate constant and the Cl, concentrations used by Trolier et al.,
there should have been a pressure-independent contribution to the apparent Cl1O+ClO + M
association rate constant of about 4 x 10"'*cm? moleculel s1 at 200 K. “I’his is in good
agreement with their observed value, and implies that Trolicr ef al. undercorrected for the
enhanced third-bod y effect of C1,, and that this effect accounts for their observed intercept. 1 n
the present study (falloff data reported in ref. 7), Cl, concentrations were about an order of
magnitude smaller which would lead to a negligible intercept in the low temperature data.

CIlOOCI thermal decomposition. ‘1’ here arc no previous direct determinations of the rate
coefficients for CIOOCI thermal decomposition. 1he best comparison with previous work is
between the equilibrium constants calculated from our measurements of k jand k_j, and the
equilibrium constant measurements of Cox and I layman.?? As shown in Figure 9, over the
temperature range of the present experiments (260 K <T <310 K) the data sets arc very
consistent. Fowever, Cox and Hay man include severa data points in their van't Hoff plot with
large error bounds at lower temperatures which do not fall precisely on the trend line suggested
by the higher temperature data. As a result, the slope of the line derived from the least-squares
fit to al of the Cox and Hayman data is significantly smaller than that derived from the data in
this study. The thermodynamic data derived from this work (Al 1% c100c1(298) = 30.5 + 0.7 kcal
me]-], and S, = 72.2 * 1.0 cal mol 1 K1) differ from the values obtained from Cox and
Hayman's 2nd Law analysis (Al]of’CIOOCl(zgg) = 31.3 + 0.7 kcalmol™!, and S° oo = 13.2 %
2.6 calmol'K*") and result in a stronger calculated 0-0 bond energy for CIOOCI (18.1 kcal
mol” ! from this study vs. 17.3 kcal mol” ! measured previousl y),

Analysis of the dimer decomposition data and calculation of equilibrium constants was
done assuming that the only form of the dimer produced in the C1O association process was
chlorine peroxide, CIOOC1. This assumption was based on the results of Birk ef al. 32 who
quantified the yield of CIOOCI from the C10 -1 CIO reaction using submillimeter absorption
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spectroscopy. I-his conclusion is also reinforced by recent ah initio calculations. Using the
CCSIXT) method with a large basis set, l.ce et al 3¢ caculate that the asymmetric dimer,
C10CIO, lies (10.1 + 4.0) kcal mol™! above CIOOCI. Because the bi nding energy of the
asymmetric dimer is considerably less than that of chlorine peroxide, it is not likely that C10CIO
will produce a measurable contribution in the CIO kinetics. To verify this assumption,
simulations of the time-dcpcndent ClO concentration, including and excluding ClIOCIO

formation, were performed using the ClO + C10 rate coefficients measured in this study. The
rate coefficient for C1OC10 formation was set equal to the rate coefficient for CIOOCI formation,
and the C1OC10O dissociation rate was calculated assuming the same A-factor as CIOOCI
dissociation with an activation energy 10 kcal mo] 1 less than for C1IOOCI. The result was no
perceptible diffcrence in C1O concentrations.  “I”his would suggest that the asymmetric dimer is
unimportant. However, it is necessary to proceed through an asymmetric transition state in order
to form the OCIO product of rcaction 4. Whether the asymmetric transition state is formed by a
direct process from ClO association or by isomerizationof chlorine peroxide cannot bc
determined from our data.

Bimolecular channels.  Activation cnergics dctcrmincd from the individual rate
coefficient expression for each bimolecular channel arc E,cj,.0,=3.164 0.20 kcal mo]l,
Ea,Cl00+Cl= 4.87 4 0.89 keal me]' and E, ocioscr = 2.72 + 0.30 kecal mol™. The C10 - CIO
energy diagram is shown inFigure 13 with all relevant intermediate and product channel
energies. The heat of formation of OCIO was calculated from the activation energies of the
forward and reverse of reaction 4. This gave Al1°;10(298) = 22.6 + 0.3 kcal mol ! which isin
excellent agreement with the current value from the JANAF Table*? of Al 1% 0c10(298) = 23.2 +
1,9 kcal mol!,

The observed activation energy for the formation of ClIOO +Cl (k, = 4.87 kcal mol“) is
the highest of the three bimolecular channels. The reverse reaction has two exothermic channels:

ClIOO+ ¢l —— Cly 1 0y (-3)

3 ClIO+ CIO (-3")
Although reaction -3 has been studied by a number of investigators,?6 channel-specific Arrhenius
parameters are not available. At room temperature, k_3/k_ 3« is about 20, and the overall rate
constant is independent of temperature. From the currently tabulated enthalpies of formation of
Cl, ClIO and C100 and the activation energy for reaction 3 determined in this work, the
activation energy for reaction -3” is predicted to be about (1.8 * 1.5) kcal mole* (see Figure 13).
This leads to avalue for the ratio k_3/k_3» of 20 (with an uncertainty of a factor of 10), assuming
that reaction -3’ is temperature independent and that the A-factors for reactions -3' and -3” arc
equal. Thisisin excellent agreement with the observed branching ratio. The large uncertainty is
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due primarily to the uncertainty in the enthalpy of formation of ClOO (% 1 kcal molel). The
assumption of nearl y equal A-factors for reactions-3' and -3” isjustified by 1) calculations of the
relative entropies of activation for the two channels using the known CIOOCI geometry and an
estimated structure for CICIOO based on matrix studies of C1C10"* and 2) analogy with the
reaction

Cl+ HOpy ——— HCl4 0,

—————— OH 4 ClO
for which the measured A-factors arc within a factor of 2.7¢ Direct studies of the temperaturc
dependence of reaction -3” would be useful in this regard.

Past experimental studies of the overall rate constant for the bimolecular channels and the
branching ratios have suffered from a number of complications including secondary reactions
which regenerate C10 via channels 3 and 4, and formation and decomposition of C1OOC1 on the
time scale of the experiment. In addition, most experimental systems have relied upon
ultraviolet absorption for the detection and measurement of C10, OC10, C100 and Cl; in these
experiments. Because the time dependence of [ClO] is governed by a second-order or more
complex rate law, the absolute concentration of ClO radicals must be determined. Problems
associated with the measurement of CIO cross sections, as well as the presence of interfering
absorbers have therefore provided additional complications. As a result, the overall rate constant
and branching ratios for the bimolecular channels have remained poorly established.

The results of previous studies of the bimolecular channels of reaction 1 have been
summarized by Simon ef al./8 Measured values for the overall rate constant for the bimolecular
channels at 298 K, k,+ k,+- k,, range between 0.57 and 11.3 x 10-'4 cm® moleculel s™ with
values of 1.2 and 1.0 x 10-14 ¢cm® molecule’s™! bei ng recommended by the NASA and IUPAC
data evaluation panels, respectively (DeMore et d.,%6 Atkinson eral.#?). The temperature
dependence of the overall reaction was measured by Porter and Wright3 who found the overall
rate constant to bc independent of temperature over the range 293-433 K, and Clyne and
Coxon’? who obtained the expression, kops (5.8 + 1.7) x 10713 exp{-1250/1} cm® molecule’
s1 over the temperature range 300-450 K.

Branching ratios for the bimolecular components of the ClO + CIO reactions come from
two types of experiments. measurements of quantum yields in the chlorine-photosensitized
decomposition of a source gas such as O3, C1,0 or OC10, and time-resolved experiments using
flash photolysis, discharge-flow or molecular modulation which measure the concentrations of
reactive intermediates such as C10 and C100 as well as stable products. The results of both
types of experiments will be discussed below.
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Early flash photolysis studies of reaction 1 (Porter and Wright‘?;lidgccombc et al.?)
concluded that the CIO -1 C1O reaction had only one product channel which formed Cl, + O,via
the decomposition of a stabilized CIOOCI intermediate, i.e.,

CIO 4 ClO < - CIOOC] -----— > Cl, + 0,

Radical channels were not considered. While Iidgecombe er al. observed the formation of OC10
in the photolysis of systems containing Cl,O, this was ascribed to the reaction

ClO +Cl,O —— Oclo + CI,

rather than to a channel of the C10 + C10 reaction, 3enson and Buss?’ argued that in order to
account for the long chain lengths observed in photolytic decompositions of C1,0 and OCIO, the
self-reaction of C.10 must involve a step which produced atomic chlorine and a ncw specics,
CIOO:

ClO + CIO ------- + Cl+ CIOO

They also suggested that the termination of C10 in the flash photolysis experiments was duc to
the exothermic back-reaction of these species,

Cl + CIOO — Cly 4 O,

In their molecular modulation study, Johnston and co-workers’? confirmed the involvement of
the C100 radical in this mechanism and concluded that both the Porter et a/. and Benson and
Buss mechanisms were important. Clyne and Coxon‘’observed emission from 012(3 IH(v<9)in
their discharge-flow experiments and assumed that the Cl + C1OO reaction was the source,
although later work showing that C100 is less stable than previously thought casts doubt on this
interpretation. In similar discharge-flow experiments using mass spectroscopic detection at low
pressure, Clyne, McKenney and Watson’? identified a reaction channel producing OCIO,
obtaining a branching ratio of about 0.05 at 298 K. Several groups have subsequently studied the
C10 + CIO reaction using molecular modulation and have measured branching ratios [ky:k3:k4)
for all three channels including Cox and Derwenf0. 50:0.34:0.16], Burrows and Cox’?
[0.35:0.31:0.34] and Simon e'iS{ad).3.4;032:0.34].'1‘hc latter three studies were carried out in
the presence of high concentrations of 0,, which is known from quantum yield studiesto have an
effect on the branching ratios. Prior to this work, temperature dependences for the branching
ratios have not been reported.
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Information on the bimolecular-branching ratios has also been obtained from quantum
yield studies. Both Lin ef al.”” and Wongdontri-Stuper ef al.?’ measured quantum yields for O,
destruction in the photolysis of Cl,. At 298 K, both groups obtained quantum yields around 6 in
the presence of N,buffer gas, implying that k3/k, ~ 2. From simultaneous measurements of O,
and OC10, Wongdontri-Stuper ef al. obtained branching ratios of 0.34, 0.63 and 0.032 for
reactions 2, 3 and 4, respectively. These values are consistent with the results of lLinefal. The

guantum yield can be related to the rate constants for reactions 2, 3 and 4 by the expression,
k
4

From the absolute values of k,, k3 and k,reported in this study, a value for the quantum yield in
N, buffer gas of 5.0 + 1.2 may be calculated using the above expression. ‘I'his is in reasonable
agreement with the results of 1.in er al. and Wongdontri-Stuper ef al.

Both Lin et al. and Wongdontri-Stuper ef al. observed that the quantum yield decreased
rapidly with temperature, reaching the limiting value of 2 at temperatures between -20° C and 0°
C. As discussed by Watson, this dependence on temperature is too large to be explained by the
temperature dependences of the clementary reaction channels. With recent improvements in the
understanding of the stability of chlorine peroxide, it now seems likely that the observed
temperature dependence of the quantum yield is influenced by secondary reactions involving
c100¢cy, ie.,

clo + clo -, cloocl
Cl + ClI00Cl — Cl, + CIO0
Cloo M5 d + 0,

Net: C10 + C10 ——> C1,40,

This mechanism is equivalent to the CIOOC1-catalyzed termination of C10, a process Which
cffectively increases k,and therefore reduces the quantum yield at temperatures below 25° C
where C100C1 becomes increasingly stable.

Atmospheric implications. Sander et al.” have discussed the implications of the present
measurements of k | at low temperatures for ozone destruction in the springtime polar
stratosphere.
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In the nighttime polar vortex in the Southern Hemisphere, the atmosphere is frequently
denitrified duc to the condensation and sedimentation of polar stratospheric cloud particles.
Under these conditions, the partitioning of active chlorine is determined by the rates of formation
and thermal decomposition of CLOOC1. Vaues for k. | from the present work extrapolated to
stratospheric temperatures arc more than a factor of three smaller than those derived from the
work of Cox and 1 Iayman.20 and equilibrium constants for reaction 1 arc correspondingly larger.
The predicted nighttime concentrations of ClO in equilibrium with CIOOCI will therefore be
about 40% smaller than the previous kinetic data would suggest. in darkness, however, the
thermal lifetime of CIOOCI at 50 mb is about 11 days, and under most conditions of polar
atmospheric transport, ClO will not thermally equilibrate with its dimer before encountering
sunlight, which dissociates CIOOCI on a much more rapid time scale.

The kinetic measurements reported here indicate that al the bimolecular channels have
significant activation energies. These reactions can thercfore play no role in the stratosphere
where the temperatures arc sufficiently low that the termolecular channel always dominates.

summary

Rate constants were measured for bimolecular and termolecular channels of the C10 +
CIO reaction. The following results were obtained:
1. Formation and Thermal Decomposition of CIOOCI: The Arrhenius expressions for the
formation and thermal decomposition of CIOOCI in the low pressure limit (M = N2) were
determined tobe k(1) =- (1 .22 0.15)x 10% exp{(8334 34)/1'} cm® molecule™? s and k(1)
=(9.81 1+ 1.32) x 10-7 exp{-(7980 1 320)/'1'} ¢m’ molecule™ ! S, respectively. From falloff data
obtained below 250 K, k » was determined to be (6 1 2) x 10" ¢m¥ molecule ! s s
independent of temperature. The expression for the C10-C100CI equilibrium constant is Kqq(1)
= (1.24 4+ 0.18) x 1027 exp{(8820 + 440)/T} cm?® moleculé!.“I-his expression was derived from
a 3rd l.aw analysis of the equilibrium constant data. Equilibrium constants from this work
extrapolate to values that are about a factor of three larger than the present NASA
recommendations at polar stratospheric temperatures.

2. Third-Body Dependencies. The rate coefficients for CLOOC1 formation as a function of bath
gas at 298 K in the low-pressure limit arc (0.99 4 0.05) x 10-”, (1.24 + 0.09) x 10%, (1.71
0.06) x 10732, (2.00 + 0.27) x 10-32, (2.60 % 0.1 7)x 1032, (3.15 4 0.14) x 10¥and (6.7 + 3.7) X
1 0-32 em® molecule2§! for He, 0,, Ar, N2, CFy4, SFg and Cl,, respectively. The low value for
O,relative to Ar and N,may indicate that O,plays a greater role in the formation of CIOOCI
than as a collision partner. The large value for C1,as a third body is attributed to a chapcrone
mechanism in which a C10-Cl,intermediate catalyzes the formation of CIOOCI. ‘I’his effect
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may be responsible for the non-zero intercept observed by Trolieref a. at low temperatures in
the low-pressure limit.

3, Bimolecular Reaction Channels: Rate coefficients for the bimolecular channels arc
kCI 10, (T)= (1.013- 0.12)X 10-12 exp{- (15904 100)/] }cm molecule’! S, keroocl(T) = (2.98
+ 068) X 10 M exp{-(2450 4 450)/'1'} cm Imolecule ' S and koo ci(1) = (3.50 4 0.31) X 107
CXP{-(1370i 150)/T}cn13 molecule™' s, The room temperature branching ratio is kep,40,
Kcioo4 ¢t 't kocio+cl = 0.29:0.50:0.21 and the value for the overall rate constant (k(;l24 0,1
kcioosci?kocio+cp @ 298 K is (1 .642 0.35)x 10-14 cm3 molecule-1 SH.

4. Thermochemistry: Enthalpies of formation for CIOOCland OCIO were calculated to be A
1% (100¢1(298) = 30.5 2 0.7 keal mol ! and AN c10(298) =- 22.6 + 0.3 keal mol ™.
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| Table |. Summary of reactions used in fitting of datato the reaction mechanism.

| Reaction Rate coefficient Experimental conditions
, xsCLO  XsCl  XSCLO
Temp = 195-250 250-400 250-400

initiati on: cl +ClLo —— ClO+Cl, ks=9.9x 107110 . n .

termolecular channel: C10 + CIO ——l——> C100CI k,? . | ]

CI0OCI — = €O+ C10 k. =6.3x 10 {T/300139 exp{-8450/T} O n |

bimolecular channels;: C10' CIO ——— Cly + 02 k,? 0 | |

ClO + CI0 — -, ClOO+Cl k5% 0 n 0

ClOO+Cl . Clbh+0, k'3 1.4X 10710 0 = 1

———CIO = CIO k" 3=S0x1071% 0 " ol

ClO+ClO ——_ OClO+Cl kq? El n n

0CIO+Cl ____ Clo--ClO k4=3.4x10" exp{160/T}? 1 n O




Tablel (con ).

Reaction

Rate coefficient Experimental conditions
XsCl,O0 XsCl XsCl,0
Temp = 195-250 250-400 250-400

secondary chemistry: CIOOCl+ Cl ——— CIO0 +Cl,
Cl1402 —\4—> CIOO
Cl00 L cl+0,
crclo_ Y, cLo
cl+cl ———M—> Cly

mass transport: C10. C100ClI, etc. ——> leave cell

k¢=1.0x 10710 O . 1
ky= 2.7 X103 {T/300}71-%° 0 . O
ko = 4.7x 10°{T/300} "1 exp{-2500/T}? «l " 0
kg =6 x 107324 0 . 0
kg = 7.5 X 10~* exp{906/T}¢ 0 . O
Thow = 0.01 -0.1 0 " ]

a) determined in fitting procedure.

b) from reference 26.

c) from reference 36.

d) estimated using Tree's method (see text).

e) m indicates reaction used in fitting routine--El indicates reaction not used in fitting routine.
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Table II. Summary of conditions for each set of experiments and absorption cross sections.

Temperature [C1,0] [Cl,] [Cl] [M]
(K) (cm3 moleculc']) (cm3 molecule-") (cm3 molecule™!) (cm3 molecule™! )

Excess Cl,0:

195-250 1.0- 1.5x1015 2. O-5. OX1015 2.0-5.0x10!13  1-30x10!8
ExcessCl:

250-400 4-8x 10" 5-18x 1010 2-7x10" 0.5 -6x1018
Fxcess Cl,0:

250-400  1.0- 1.5x 10" 1.0- 1.2X1016  4.0-5.0 x 10° 0.5 -22x1018

Absorption cross sections at 275.5 nm (298 K):
oclo= 8.4 x 10-] *cm? molecule]  o(1)=0(298){1.011-104.9/1+ 30330/'1'?}
ocLo = 1.24 X 10718 cm? molecule™!
61000 = 2.45 X 10-18 cm? molecul €’

ocl, 2.19 X 102% cm? molecule-]




Table 111. Summary of experimental rate coefficients, k, as afunction of N,concentration
under conditions of excess Cl,O and T < 250 K, and results of fitsto ‘I’roe’s fall-off expression.”

Temp. 1018 x [N,] 10 x k, 10”X ky? 1012 x k¢
(K) (molecule cm™) (em?® molecule™! sl) (em® molecule™ s! ) (cm? molecule! s! )
195 1.00 0.81 8.8 3.8

125 0.94
1.67 122
2.50 1.70
2.62 1.75
3.00 1.88
4,23 251
5.00 2.94
6.94 3.72
10.0 4,80
11.3 5.59
18.2 7.77
208 1,00 0.67 6.6 7
1.62 0.96
2.65 1.58
4.27 2.28
6.98 2.98
114 4,72
18.4 8.22
30,0 11,2
220 1.00 0.48 5.3 6
1.61 0.75
2,65 129
3.00 1.36
4.28 1.90
6.91 2.72
114 3,87
18.4 5.85
30.0 9.64
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Table 111 (con ‘t.).

Temp. 10718 x [Ny] 1013 x k, 1032 X k. 10°x kg,
(K) (molecule cm®) (cm® moleculel s1) (ecm® molecule®s™!) (em® molecule™ SH)
233 1.00 0.43 4.6 5

1.62 0.68
2.65 1.01
4.28 1.58
6.98 2.45
114 3.49
18.4 5.05
30.1 7.96
247 1.00 0.31 3.7 7
1.62 0.53
2.65 0.80
3.00 1.04
4.28 1.48
6,98 213
115 3.15
18.4 5.00
30.0 6.73

a) The fall-off equation is given by:%%
ko[M] {14 Tlogyo(koIM] ) ) 3t

k,[M] ©
] + _Q[ ,,,,]

k(IM],T) =

b) kg was determined by fitting the data at each temperature to the fall-off equation. Fitting
ko(T) to the expression, ko(T) = k.300 (T/300)-n yielded k300 = (1.8 + ().5)x 10%cm®
molecule S and n=3.6+ 1.0.

¢) k., was determined by fitting the data at each tempcerature to the fall-off equation. Fitting
koo(T) 1o the expression, k. (T) = k3?0 (1'/300)"1 yielded k,,300 = (6,() +2.0)x 10712 cm?

molecule-l s'andm = 0,0+ 1.0.
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‘Jable IV. Summary of CIOOCI formation rate coefficient data with N,as a bath gas.

Temperature

1032 x k,

(ecm® molecule’] s])

(K)

195 884+1.8
208 6.6+13
220 53411
233 4.6+09
247 3.7+ 07
260 2.604 0.70
270 248+0.23
280 2.38+£0.33
290 2.23+0.14
300 2.07 £0.27
310 1.75+0.10
330 1,59* 0.09
350 1,38 + 0.03
360 124 + 0.24
370 1.13£0.22
380 1.09+40.22
390 0.99+0.49
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I'able V. Summary of bimolecular rate coefficient data as a function of [Cl2] under excess
chlorine atom conditions.

Temperature 10-°x [Cly]  10"x (k,*k3+ ki [CL])  10"x (ky+k3)

(K) (molecule cm™) (cm> molecule™! s") (c:m3 molecule] s])
270 5.15 1.68 044+ 134
5.80 1.96
7.61 2.05
9.94 174
14.56 3.95
280 5.09 1.65 1.024 0.70
5.86 1.78
1.47 1.90
9.82 241
12.63 1.96
14.80 3.19
14.81 2.83
290 511 1.88 0.90+0.82
7.55 1.82
9.95 2.05
12.41 2.35
14.75 3.30
300 5.00 1,94 1.66 + 0.42
7.24 2.03
9.78 2.59
14.52 2.55
17.17 2.79
310 5.13 2.48 1.92 4 0,27
7.56 2.43
9.96 281
14.57 3.12
17.83 3.53
330 5.17 3.87 3.48+0.20
7.62 4.14
10.05 4.36
12.53 4.48
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Table v (cm 't.).

Temperature

10-]6 x [Cl,]

101 x (kp +k3 + K1'ICRD)  10* x (k, +ky)

(K) (molecule cm™) (em® molecule’ ! Sl) (em® molecule’ sh
350 5.22 4.38 3.993.0.39
7.63 4.80
10.08 4.98
12.53 531
14,63 5.24
360 5.07 4.90 4.43+0.32
7.52 4,94
14.53 5.61
370 6.04 5.49 4.284 1.38
8.99 5.99
11.34 6.43
13.53 7.58
14.95 6.84
380 5.11 6.46 5.36+0.81
7.51 6.67
10.03 6.84
12.36 7,29
15.13 8.32
390 5.04 9.13 7.59+ 2.96
7.55 9.72
10.17 12.97
12.53 11.54
15.43 12.84
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Table VI. Summary of k, for different bath gases obtained under excess Cl conditions.

Bath Gas Temp. 10* X k,
(K) (cm® molecule? s1)
He 300 0.99 + 0.05
0, 300 1.24 4 0,09
Ar 300 1.714 0.06
N, 300 196+ 0.24
CF, 300 2,60 + 0.17
SFg 300 3.15+0.14
cl, 260 159+ 7.7
270 2134144
280 122+ 6.5
290 139+ 8.9
300 6.7+ 3.6
310 86123
330 83+21
350 95+37
360 8.0+ 3.2
370 199+ 121
380 175+ 76
390 36.0 + 27.5
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Table VII. Summary of CIO + ClO— Cl, + 0,and CIO 4 C10 — OC10 + Cl rate coefficient
data obtained under excess Cl»O conditions.

Temp.

1015 x ky?

1013 x k,?

1015 x (ky + ¥kg)?

1015 x (ky 4 Yokg)?

( K) (cm3molecu1c'13' 5 (cm3molcculc' ]S'l) (cm3molccu]e' 1S'l) (cm3molcculc‘] )

300

310
320
330
340
350
360
370
380

5.19 +0.24
6.06 + 0.27
6.59 £ 0.08
8.0940.20
9,281 0.40
10.70 + 0.36
12.19 £ 0.27
13.88 4 0.61
15.50£0.73

3.29+ 0,09
443+ 0.31
5.151+0.28
5.56 + 0.18
6.25 1 0,47
6.97 + 0.31
7.70 + 0.40
8.62 + 0.58
9.22 + 0.53

6.84
8.27
9.16
10.87
12.40
14.18
16.04
18.19
20.11

11.534+ 0.20

19.13 1 0.73

a) determined from OC10 formation data.
b) determined from C10 loss data,




Table VIII. Summary of CIOOCI decomposition rate coefficient and equilibrium constant data.

Temperature 10”xk 10 x Kp
(K) (cm3 molecule-’” s]) (atm'])
260 3.96+0.84 213.5+479
270 11.542.30 62.84 1 13.25
280 38.212.47 16.32 +1.08
290 130.3+12,0 4,171 + 0.394
300 304.4 + 20.6 1.568 + 0.109

310 823.5+101.2 0.513 £ 0.065




Figure Captions

Figure 1. Time-dependent absorption signal under conditions of excess chlorine atoms
measured with a PMT at 275.5 nm. (a) Signa fit to the entire reaction mechanism
including dirner decomposition, secondary chlorine chemistry and flow through the
cell. (b) Signal fit to a simple second order mechanism. The difference between the
full mechanism and the second order mechanism fits is slight, but can been seen in
the greater variation of the residuals of the second order fit from the experimental
data. The difference in the calculated k,, between the two fitsis 15%.

Figure 2. kot (= k; [N2] + ky + k3) versus Ny concentration as a function of Ci,
concentration at 1' = 350 K, [Cl,]= 5.22 x 10'® molecule cm™ (M), 7.63 x 10'°
molecule cm™(11), 10.08 x 10'® molecule cm®(A), 12.53 x 10'® molecule cm®(~)
and 14.63 x 10'® molecule cm’(.). Slopes give k],Nz, and y-intercepts give (k,+
k3t ki cp,[ChD).

Figure 3. y-intercepts of Figure 2 versus Cl, concentration. The slope gives k, ¢,, and
the y-intercept gives (k,+ k).

Figure 4. (@) Arrhenius plot of k n,. Open points (©) were measured under conditions

5
of excess Cl,0. Solid points (.) were measured under conditions of excess chlorine
atoms. Resulting rate constant expression is kl,Nz(T) =(1.22+ 0O, 15) x 10-33
exp{(833+ 34)/T} ecm® molecule’S-l. (b) Plot of Infk; n,] vs. In[T/300]. linear fit
resulted ink] n,(T) = (2.07 + 0.09)x 10-32 {T/300 }-3001 * %29 ecmS molecule™ s

Figure 5. Arrhenius plots of bimolecular rate constants. Fits yielded (k,+k3)(T) =(1.78
+0.38) x 107! exp{-(2150 +450)/T} cr"molecule-l s~ (W), ko(T) = (1.01 + 0.12) x
10%exp{-(1590 + 100)/T} cm’molecule-l S* () and kq(T) = (3.50 + 0.31) x 10712
exp{-(1370 + 150)/T} cm’molecule’ S| (A).

Figure 6. kit (=k; [M] + k,+ k;) as a function of bath gas at 298 K. M =1 Ie (.), O,

(©), Ar (M), N, (), CF4 (A) and SFg (A). Slopes yield k; M (see Table VI).
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Figure 7. Time-dependent OC1O concentration under conditions of excess Cl,O

measurcd with an OMA. Each point on the OC10 curve is the result of fitting a 1024
point spectrum recorded by the OMA to a calibrated OC1O spectrum. Residuals
indicate difference between measured [OClO] and that calculated in the analysis
procedure. Inset plot shows an example fit of an experimental spectrum to a

calibrated spectrum,

Figure 8. Time-dependent C1O concentration under conditions of excess Cl,0 measured

with an OMA. Each point on the C1O curve is the result of fitting a 200 point
spectrum recorded by the OMA to a calibrated C10 spectrum. Residuals indicate
difference between measured [C1O] and that calculated in the analysis procedure.

Inset plot shows an example it of an experimental spectrum to a calibrated spectrum.

Figure 9. C10-CIOOCI van't Hoff plot. (®) are the data determined in this study, and

() arc the data of Cox and Hayman.” The solid line indicates the 3rd Law fit to the
data, and has a slope 0f9100 K. The dashed line is the 2nd Law analysis of the data
and has a slope of 9820 K and a y-intercept of -20.8. The dash-dot line is the 2nd
Law fit reported by Cox and Hayman and has a slope of 8710 K and a y-intercept of -
17.3.

Figure 10, Sensitivity plot for the determination of k. The abscissa indicates rate

coefficients of the reaction mechanism which were held fixed in the fitting procedure
when determining kiot-  Vaues in parentheses indicate the uncertainty in the
canonical value of each rate coefficient. The ordinate indicates the percent change in
the calculated value of ki, when each rate coefficient is changed by the uncertainty
factor. Filled bars show the change when rate coefficients are varied by +uncertainty
factors, and open bars show the change when rate coefficients are varied by -

uncertain y factors.

Figure 11. Sensitivity plot for the determination of bimolecular rate coefficients under

conditions of excess Cl,O. The left panel indicates the sensitivity in the
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determination of k,, and right panel indicates the sensitivity in the determination of
k4. (See Figure 10 caption for an explanation of plot.)

Figure 12. Sensitivity plot for the determination of the rate coefficient of CIOOCI
dissociation. (See Figure 10 caption for an explanation of plot,)

Figure 13. ClO+ C10 energy diagram. Energy is given in units of kcal me]'].
Enthalpies of C1O0OCI and OC10 and activation energies for the three bimolecular
channels were determined in this study. Enthalpies of formation for C10, 0,('A) and
C12(3H) were taken from ref. 30. The enthalpy of formation for CIOO was taken

from ref. 26,
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